Abstract-Hardware-in-the-loop (HIL) simulation is a technique that is being used increasingly in the development and test of complex systems. Real-world testing of an intricate system in a field-like power plant can be challenging, time-consuming, expensive, and hazardous. HIL emulators allow engineers to test devices thoroughly and efficiently in a virtual environment with high reliability and minimum risk of defect. In this paper, the complete electric power system (including generator, turbine-governor, excitation system, transmission lines, transformer, external grid and related loads) is implemented in a MATLAB/Simulink environment. Different virtual instrument pages are modeled in the graphical programming language of LabVIEW which enable fast and reliable measurement functions such as data acquisition, archiving, real-time graphical display and processing. The interaction between MATLAB and Lab-VIEW is accomplished by generating a Pharlap ETS Targets * .dll file which enables the two software to exchange real-time data. Also, a real 1518-kW excitation system is considered as a test case for the introduced HIL system. This equipment is connected to LabVIEW software through a National Instrument PXI technology. Different scenarios (electrical frequency/active power change, voltage step response, etc.) are simulated in the designed power system emulator (PSE). The validity of the implemented model for the excitation system is verified by finding good matching between MATLAB and HIL simulation results.
Fig. 1. HIL and RTS's role in the test of equipment.
MATLAB/Simulink, PSpice, PSIM, DIgSILENT, etc., is one of the most prevalent methods to verify the design considerations of such systems. It is possible to evaluate the performance of the complex designed system under different working conditions by offline simulation before it enters the manufacturing stage. Since the mathematical model of electric power system devices such as electrical machines and transformers includes differential equations, the running time of their model in the aforementioned environments is significant compared to the real time [1] , [2] . Furthermore, the offline nature of simulations yields unwanted differences with respect to the experiments carried out in real time [3] . Hence, offline simulation results are not 100% reliable.
Real-time digital simulation or the so-called hardware-in-theloop (HIL) simulation is a reliable approach which is widely used to examine the electric power systems and their control methodologies [4] , [5] . HIL simulation combines the advantages of both offline simulation and experiments on the real setup. Compared to offline simulation, HIL simulation results are more realistic and closer to the experimental ones [6] , [7] .
As shown in Fig. 1 , it is necessary to verify electric power equipment functionality prior to commercializing the equipment and before going through mass production. In general, after mathematical modeling and computer simulation, a prototype is implemented to go under some experimental tests. In this way, any fault due to miscalculation or implementation may cause major detriment to the equipment and related network. To prevent such a dilemma, HIL technology has been proposed. Applying HIL technology and real-time systems (RTSs) provides the required environmental reality via simulation so that test procedure of the equipment does not affect anything beyond the equipment itself. This replacement would decrease the risk and detriment of consequential damage. In other words, HIL technology not only expedites the test procedure but also reduces the costs and makes the whole procedure much more reliable and flexible.
HIL simulation has two categories: 1) controller HIL (CHIL); and 2) power HIL (PHIL) simulations. In the first type, i.e., CHIL, real controller is tested while the other elements of the electric power system are modeled in the software. Various applications of CHIL simulations are available in the literature to examine the control units of electric power equipment [8] - [15] . On the other hand in PHIL simulation, a part of the power circuit is external to the simulator where a power amplifier is needed to transfer the real power to the hardware [7] , [16] - [22] . PHIL simulation gives the advantage of testing a part of power circuit before the other parts come into the manufacturing procedure.
Besides providing a realistic examination tool for electric power systems, HIL is also very fruitful for educational purposes specifically for undergraduate students. For instance, implementing a complex electric power network consisting of synchronous generator, steam turbine, transformers, transmission lines, load and infinite bus in which the synchronous generator is connected to the model of a real excitation system is literally troublesome for an undergraduate student to conceive the principles of the network operation and analyze the actual performance of the exciter and its inbuilt function blocks such as power system stabilizer (PSS). As an illustration, students need to understand the changes in the outputs of PSS, or rotor frequency or temperature of turbine inlet steam when a three-phase short-circuit occurs in the transmission line without the need to know about the synchronous machine differential equations in the q-d reference frame. Instead, a real-time emulator with virtually implemented instrument including a software tool like MATLAB/Simulink which represents the overall system model and a user-friendly interface such as LabVIEW can help the students to gain a profound understanding of the power system operation under several scenarios while preserving their time and safety compared to the offline simulation and experimental activities, respectively. Similar HIL structures using LabVIEW have been reported in the literature for the educational purposes [23] - [26] and implementing measuring and testing apparatuses [27] - [31] . LabVIEW is an advanced high-level programming and graphical language which creates a flexible HIL simulation structure for the operator in order to optimize and increase the efficacy of the program [32] - [35] .
In this study, the aforementioned complete electrical and mechanical components in the power network are modeled in the MATLAB/Simulink environment. LabVIEW and related modules such simulation interface toolkits (SITs) are utilized for implementing codes and also as a graphical interface between real excitation cubicle, simulation software, and the operator (human/machine interface (HMI)).
In this paper, the procedure to build a virtual instrument (VI) as a power system emulator (PSE) is explained in detail. Consistent to this issue, dynamic models of turbine, generator, power transformer, line, load, and an external grid for a real excitation system are implemented. Accordingly, this paper is organized as follows. In Section II, tips on creating a unified MATLAB/Simulink model of the entire power network are highlighted. Section III is dedicated to a thorough description on constructing a real-time simulator of the electric power system. Requirements for interfacing the computer model with the external hardware via LabVIEW are explained and necessary guidelines for connections and settings of the hardware are emphasized. A comprehensive set of scenarios for simulation and experimental studies are conducted in Section IV to verify the proposed PSE. Finally, conclusions are drawn in Section V.
II. IMPLEMENTED MODELS IN MATLAB/SIMULINK
As a first step of the PSE construction process, the complete model of an electric power system is established in MATLAB/Simulink software tool. As shown in Fig. 2 , the implemented model of the overall system consists of several subsystems representing the model of every single constituent of an electric power system. Generally, the system can be studied in two sections as follows.
A. Electrical
As a rule of thumb in modeling the electrical components, it is better to set the differential equations of each subsystem in such a way so that the outputs are an integral of the inputs because the integrator is less susceptible to high-frequency noise than differentiator [36] . Hence, due to the inductive nature of most power system components such as synchronous generator and transformer, voltages and currents are better to be inputs and outputs, respectively. As a result, an interface is needed to turn the outputs of the synchronous generator, i.e., threephase currents, into the suitable inputs, i.e., voltages, for the transformer model [see Fig. 2(a) ]. The interface can be a threephase capacitance or resistance with an impedance much higher (ten times or higher) than the system base impedance [36] .
In the following, a brief description of each electrical subsystem model is presented.
1) Synchronous Generator: Synchronous generator model consists of a set of six electrical differential equations (stator three-phase and rotor excitation and two damper circuits along q and d axes) to obtain electromagnetic torque and threephase currents from stator three-phase and rotor (excitation and damper) circuits input voltages. The model also consists of one electromechanical differential equation to obtain rotor angle from the input load and electromagnetic torques. The electrical equations, i.e., Park equations, are implemented in the rotor q-d reference frame as follows [36] , [37] . Equations 1 and 2 as shown bottom of the next page.
In the previous equations, u qs , u ds , and u 0s are the stator transformed quantities to the rotor reference frame. Synchronous machine rotor revolution, ω in (1), is the output of the electromechanical equation
where τ em and τ m are the generator electromagnetic torque and gas turbine mechanical torque, respectively. J s is the inertia of the machine shaft. τ em in (3) is calculated as follows:
where p is the machine pole numbers. A capacitive interface generates machine stator three-phase voltages through the three-phase stator and primary currents of the machine and transformer models as shown in Fig. 2(a) . These voltages are then fed back as the generator model inputs (1). (1)) is applied from the automatic voltage regulator (AVR)/PSS subsystem output. As shown in Fig. 2(a) , the inputs to the PSS model are the generator output electric power P and rotor slip S. For validation purposes in the experimental activities, a practical model from SIEMENS Corporation is implemented as AVR/PSS. In Fig. 3 , a block diagram of the SIEMENS PSS model, i.e., PSS3B, is shown. In
with Three-phase primary and secondary voltages, v 1 and v 2 , are utilized to obtain three-phase primary and secondary currents from two sets of differential equations representing each phase of transformer model [36] 
In the previous equation, ψ 1 and ψ 2 are the primary and secondary windings linkage fluxes, respectively, and ψ m is the mutual flux. (r 1 , r 2 ) and (L l1 , L l 2 ) are the primary and secondary windings resistances and leakage inductances, respectively. Note that the secondary quantities are referred to the primary side.
ψ m and primary and secondary currents, i 1 and i 2 , are calculated as follows: 
where Z C is the characteristic impedance of the line and is a function of line per meter series inductance L and shunt capacitance C as Z C = L/C. As shown in Fig. 4 , backward and forward components of the sending-and receiving-end voltages, i.e., v bS and v f R , respectively, are extracted via applying attenuation factor and time delay to their forward and backward components. Also, (8) can be derived according to (7) as
4) Infinite Bus and Loads:
An infinite bus is modeled so that the operator can set its voltage amplitude and frequency. Loads are realized according to their active, P 2 , or reactive powers, Q 2 . Load resistance, inductance, or capacitance can be extracted according to active and reactive powers. Then, differential equations are solved based on inputs (voltages) to calculate the outputs (currents).
B. Mechanical
Different models have been developed in the literature in order to represent the gas turbine behavior. In this paper, the expanded Rowen's model of a heavy-duty single-axis gas turbine is used as the reference model [38] . Fig. 5 shows the overall schematic block diagram of turbine-governor model in MATLAB/Simulink. The gas turbine operates in a simple cycle with no heat recovery in which the cycle consists of a 16-stage compressor with a pressure ratio of 1:11.75, two vertical combustion chambers, and four-stage power turbines [39] - [41] . Also, constant speed is fixed between 95% and 107% of the rated speed. The single-shaft gas turbine is represented along with the control and fuel systems. Control system of the gas turbine has three loops: speed, temperature, and acceleration control loops. These three control functions are all inputs into a minimum selector. The output of the selector shows the least fuel control action among the three control actions. The speed control loop conducts directly the governor and can be operated in the standard droop configuration or in isochronous mode. The temperature control loop maintains the gas turbine output temperature within its constraints. Exhaust temperature is measured using a series of thermocouples incorporating radiation shields. In order to prevent the overspeeding of the generator in the event of a sudden loss of load, an acceleration control loop is simulated in the model and applied to the minimum value selector as the third input. Also, the model of inlet guide vanes (IGVs) controller is taken into account which manages the outlet temperature of the turbine. Considering V94.2 SIEMENS turbine-governor parameters, this model has been used to study the governor and the gas turbine operation. A system of seven differential equations with three inputs and seven state-space variables is solved to represent the behavior of the gas turbine. State-space variables are: fuel valve angle (θ), fuel flow (q f ), air flow (q), speed (N), temperature inside the radiation shield of the thermocouple (T sh ), measured temperature (T), and the outlet of the IGV (L IGV ). Inputs are: 1) control valve signal (u 1 ) which its maximum and minimum constraints are limited to high and low saturation quantities of fuel valve, respectively; 2) IGV signal that is saturated by its constraints minIGV and maxIGV; and 3) synchronous machine electromagnetic torque (τ em ). The statespace equations are as follows:
where b, KNL, k IGV , and G RS represent valve positioner time constant, minimum fuel flow to maintain flame, IGV effect on the output temperature, and radiation shield parameter, respectively. Also, T FS , T CR , T CD , T RS , T T , T IGV are the time constants of the fuel system, combustion system, compressor discharge lag, radiation shield, thermocouple, and IGV, respectively. Turbine output mechanical torque, τ m , and output temperature, T m , in (9) are obtained via the following equations:
where A, B, and C in (10) are constants of the gas turbine torque equation. D 1 , D 2 , and E in (11) are constants of the gas turbine outlet temperature and T R is the exhaust gas rated temperature. Fixed-step ode5 (Dormand-Prince) is used as the simulation solver. A brief description of the HIL computation unit is provided in Section III.
III. REAL-TIME IMPLEMENTATION
As mentioned in Section II, different power system constituents are modeled and simulated in MATLAB/Simulink. In order to connect MATLAB models with LabVIEW, it is necessary to build a file with * .dll format from Simulink and import it into the written program in the LabVIEW environment. This dynamic library is generated by NI SIT [42] . This program and related subprograms provide a way to create a LabVIEW user-friendly interface which helps to communicate with a Simulink model, manipulate the model parameters, and view the output data of the Simulink model. As shown in Fig. 6 , the LabVIEW program should be deployed in the RTS. In this project, a National-Instrument PXIe-8133 [43] and related devices (Fig. 6-box 2) serve as the real-time implementation of the power system. For the sake of experimental verification of the proposed PSE, a real excitation system is utilized to make a HIL emulator as shown in Fig. 6 . For the communication purposes between excitation control system and the computer, the PXI provides I/O modules with accuracy and time delay characteristics as follows: 1) the analog output (AO) module is used to send three-phase voltage and current signals from PXI-7833R
[43] to the excitation system. It is adopted for the module with a sampling rate of 1 MHz and a 16-bit resolution; 2) the analog input module is used to receive excitation voltage (E f ) signal from the excitation system through the terminal board shown in Fig. 6 (NI-SCB-68) . PXI-7833R is adopted for the module with a sampling rate of 200 kHz and a 16-bit resolution. The loop, in the simulated model, is closed by feeding the excitation voltage signal back into the RTS in which the step time of the calculations is 300 μs. Hardware setup for HIL simulation of the excitation system and related I/O connections is shown in Fig. 7 .
It should be mentioned that the ordinary real-time implementation of a limited electric power system equipment (generator, excitation system, and infinite bus) has been presented in [44] utilizing a single PCI 7831R plus an Advantech PC (PC-based system) in which the operating system is Phar Lap 13.1. Also, in [45] , a simple configuration of the power system using a commercial PC, a PCI card, and Ardence RTX to form a real-time subsystem has been implemented. In the latter study, all of the models and even the solver have been developed inside the Lab-VIEW missing the advantages of utilizing MATLAB/Simulink models implementation. On the contrary to the mentioned studies, as shown in Fig. 7 , a professional and comprehensive test rig with flexible and expandable structure has been developed in this paper with the use of high technology National Instrument equipment linked to MATLAB and LabVIEW. The system can be much more professionally configured as discussed in the following. 
IV. CONFIGURATION AND SETTINGS
As mentioned in the previous section, PXI-7833R is used to interchange voltages and currents signals between software and related terminal points in the excitation cabinet. NI-SCB-68 terminal board (see Fig. 6-box 3) [43] is used to transfer signals between RTS and SIEMENS board in the external system (i.e., excitation system in Fig. 6-box 5) . Wiring diagram between terminal board and SIEMENS board is established according to SIEMENS datasheet.
Field-programmable gate array (FPGA), PXIe-8133, and PC are considered as three distinct environments in order to implement real-time functionality along with user-friendly supervisory system. As shown in Fig. 8 , a dedicated LabVIEW FPGA program is written in the real-time PXIe-8133 system (FPGA target) and communicates with an external system. Also, related program for data transferring between LabVIEW and MATLAB generated * .dll file is deployed in PXI system. Parallel processing is used in the CPU of real-time PXIe-8133 system to meet RTS criteria. Each loop can be assigned to a dedicated processor and executed in a parallel manner. Fig. 9 shows a part of the * .dll file. Consequently, the loop will be closed to establish the HIL construction. To complete the written program in LabVIEW software, it is necessary to set the analog card so that the received signal being converted precisely [see Fig. 8(h) ]. Also, related sampling and preparing output signal codes should be written in FPGA card [see Fig. 8(e) ].
The interaction between MATLAB generated and deployed * .dll file and real excitation system is executed in the CPU of real-time PXIe-8133 system. MATLAB role is limited to * .dll file format generation (not PC Windows * .dll) and after generating an especial library, LabVIEW will use it as an inbuilt function. There is no data exchange between MATLAB and LabVIEW during HIL operation.
In order to change input values for power system analysis and also monitor output data in Fig. 9 , LabVIEW graphical pages have been implemented. The operator can change generator, turbine-governor, excitation system, and loads values through HMI shown in Fig. 10 . The "Generator-Bus_fault" button can simulate fault with predefined fault duration. Also, as magnified in Fig. 10 , if the operator clicks on the button named "Switch_HIL_Start" in LabVIEW page, the real excitation system will be replaced by the simulated excitation system in MATLAB generated * .dll file.
There are two parts for monitoring section which are: 1) the parameters related to generator, turbine-governor, and excitation system; and 2) the parameters related to transformer, transmission lines, local load, and external grid. As an illustration, the graphical interface created to set the parameters of the generator, turbine-governor, and excitation system is shown in Fig. 10 .
V. EXPERIMENTAL RESULT

A. Case Description
In the HIL studies, the real excitation system is connected to the remaining power system model simulated in MATLAB/ Simulink and implemented in the LabVIEW environment. By pushing the changeover button in the LabVIEW graphical environment (see Fig. 10 ), a loop is constructed with the excitation control system working as the hardware (see Fig. 6 ). For validation purposes, experimental results can be compared against the simulation ones in which the real excitation system is replaced by its model. HIL system guarantees time precision, less deviation, and fewer jitters.
In the HIL simulations, a 200-MVA 15.75-kV synchronous generator is coupled to a 162.1-MW 3000-r/min steam turbine. A real 1518-kW excitation system from SIEMENS Corporation is connected to the HIL system as shown in Fig. 6 . A three-phase transformer and local loads with the active power of 1.5 MW and reactive power of 1 MVAr are also connected to the generator output (P 1 and Q 1 in Fig. 2 ). Besides, a 32-km transmission line connects the power plant to the infinite bus and loads with the active and reactive powers of, respectively, 30 MW and 20 MVAr (P 2 and Q 2 in Fig. 2) . In these HIL studies, amplitude, phase angle, and frequency of the infinite bus are 0.95 p.u., 0, and 50 Hz, respectively. Also, it should be added that HIL computation speed is in nature closely relevant to the minimum loop execution time of the hardware under test. Fastest function, in Siemens T400 controller in which almost all of essential exciter related functions is implemented inside, has the loop time of 2 ms (0.5 kHz). This means all digital and analog IOs shall be updated with the rate of 0.5 kHz. In this study and implemented work, minimum calculation time was recorded around 300 μs which is more than enough for providing required IOs for the T400 Controller. In each loop, one sample is read from implemented model and sent to the AO card.
In all of the following studies, the time step is 300 μs and as the real system (excitation cubicle) time step is 2 ms, no overruns are reported by the system. Also, communication is based on the buffered network shared variables (e.g., voltages, currents, etc.) through 1 Gb Ethernet and as almost 50 variables each 300 ms shall be sent from target (PXI System with 300 μs loop time) to host (PC Running windows with 300 ms loop time), then about 16 bit * 50 variables * 1000 buffered data = 800 Kb of information should be sent every 0.3 s and that is feasible through 1-Gb Ethernet connection.
B. Case Studies
As explained previously, a fast, safe, and educational realtime emulator of a complete electric power system is created in which several case studies can be carried out to investigate the effect of various parameters changes of turbine/governor, PSS/AVR, generator, infinite bus, etc., on the whole power system behavior. Different scenarios have been implemented and related results are presented as follows.
1) Generator Voltage Changes:
In this case, the interaction between the real excitation and the simulated power system is investigated under the changes of the voltage set point of the excitation cubicle (see Fig. 11 ). The voltage set point of the excitation system has been increased from 1 to 1.05 p.u. through SIEMENS panel shown in Fig. 11 , while generator is delivering 45 MW to the grid. It should be mentioned that the incremental rate of voltage set point is limited to 0.08 p.u./s which is consistent to the real excitation system settings. This change is applied to MATLAB/Simulink generated * .dll file (as a LabVIEW inbuilt function) via terminal board and PXI system, and then the models respond to this change. Fig. 12 demonstrates the changes in the generator terminal voltage amplitude after increasing excitation system set point. Also, experimental result for this scenario is plotted in the same figure where the real excitation system is replaced by its model. A good matching between the experimental and simulation results is an indicative of the proper settings and modeling of the excitation system.
2) AVR Step Response:
Step response test is one of the important tests in the excitation systems. It shows the accuracy and rapidity of the excitation system in response to the dynamic events. In this case, generator voltage set point (V t,ref ) has been changed (stepped) and generator terminal and excitation voltages have been monitored. Voltage step changes are implemented directly by T400 SIEMENS board in which excitation system logics are written. Fig. 13 shows the comparison between the simulation and experimental results when the excitation reference voltage is changed stepwise from 1 to 1.05 p.u. and vice versa. The operating working point is similar to that of the first case study when the change is applied. According to Fig. 13 , the generator reactive power changes are similar to those of generator terminal voltage while the active power remains almost constant during the changes. This confirms the fact that the active power is approximately independent of the voltages amplitude.
3) Active Power Changes: Active power changes in the power plants are responded by governor fuel valve. In this case, active power changes have been evaluated when the reference active power increases from 45 to 85 MW and the results are shown in Fig. 14 . It should be mentioned that the active power increment rate is limited to 0.183 MW/s due to the turbine constraints under normal loading conditions. In the AVR mode, terminal voltage of the generator is kept constant at 1 p.u. by the excitation system during the active power changes.
4) Under Excitation Test:
If reactive power decreases to values less than its minimum margin, the generator will go into instability. Continuing with the generator bus voltages decrement, excitation system reacts and tries to increase excitation voltage and, consequently, reactive power generation will increase. This scenario has been implemented and the minimum margin is changed by the operator in order to meet the under excitation limit. It should be noted that generator voltage is given to the Siemens Exciter by user or DCS, if the set point is less than the generator terminal voltage, negative reactive power will be the outcome. If the user persists in decreasing the set point, the possibility of under excitation and instability occurrence will increase.
To simulate this situation and monitor under excitation limitation in the test field, under excitation set point has been changed from 1 to 0.95 p.u. in T400 software while the generator is delivering 81 MW to the grid. Fig. 15 confirms the above explanations. As shown in this figure, the excitation system increases the generator terminal voltage when a violation of the reactive power below its minimum margin is sensed. Consequently, depending on active power value and grid voltage, stator voltage is increased automatically by the excitation system preventing the machine instability.
5) Electrical Frequency Change: Electrical frequency can be changed in the PSE system through LabVIEW real-time software. By changing the electrical frequency, the active power will change (droop mode). In this scenario, the electrical frequency of the infinite bus has been changed in PSE page from 50 to 49.5 Hz when the generator output power is 81 MW and its terminal voltage is set to 1 p.u. by the excitation system. Fig. 16 shows that 1% of speed drop concludes to the increment of generator output active power from 81 to 81.9 MW.
6) Generator Three-Phase Fault: Through the three-phase switch provided in the MATLAB/Simulink file for three-phase fault studies (see Fig. 2 ), operator can simulate generator terminal three-phase short-circuit in PSE and investigate the response of the real excitation system and its control with no risk of damage to the generator. During the test, while real excitation system maintains the generator output voltage at 1 p.u. and the generator output power is 81 MW, a three-phase fault with specified duration, e.g., 150 ms, is exerted by generator bus voltage button. According to Fig. 17 , generator voltage is zero during the short circuit and as AVR tries to increase the terminal voltage, a huge voltage spike from excitation can be observed. There is also a sudden decrease of reactive power as a consequence of short circuit, and then, it faces a sudden increase as the generator terminal voltage is increased due to the function of the excitation system.
7) Instability Analysis After the Disconnection of the
Excitation System: In real systems, if excitation circuit is disconnected, the generator protection system will act and consequently grid circuit breaker (GCB) will be opened. In the PSE simulation system, operator can simulate this scenario by disconnecting the real excitation system from the NI-SCB-68 board and see what happens if there is no disconnection from the grid (consider GCB is not acting or basically there is no GCB). Fig. 18 shows that generator terminal voltage will step down due to the removal of rotor electromagnetic field. As a result, reverse power procedure is triggered. Interestingly, as the turbine is coupled with rotor and is rotating in synchronous speed, rotor-induced flux from reverse power phenomenon will lead to a steep jump of reactive power. This chain of events will continue as long as GCB remains closed.
8) PSS Test:
The effects of PSS in damping the disturbances can be investigated through PSE simulator. As shown in Fig. 19 , a disturbance is exerted on the system at t = 5 s while the PSS is OFF and the same disturbance is applied at t = 25 s in which the PSS is activated. The differences between two cases (PSS ON and PSS OFF) after event occurrence clarify that in PSS ON mode, the disturbance will damp faster than another mode.
VI. CONCLUSION
In this paper, we implemented the HIL system with a real excitation cubicle related to electrical power systems. Based on this issue, power network components have been modeled in MATLAB. LabVIEW and related hardware were used to complete the close loop between MATLAB/Simulink models, i.e., * .dll generated file, and excitation cubicle demonstrating the efficacy and applications of HIL real-time simulation in the power system industry. Good matching between the realtime emulated system and offline simulation results confirm the effectiveness of the proposed PSE. Such a real-time emulator of the power system can be used in order to test new controller and related devices before installation in the real power plant. Compared to other test approaches, it is a low-cost solution since the whole power plant except, the under test device, can be simulated in MATLAB/Simulink with a high capability in debugging mode.
Following conclusion can be drawn from the present study. 1) Outstanding features of LabVIEW and related NI PXI hardware have been presented. The graphical user interface to the experimental procedure and fast time cycle can perform many studies in power system analysis. 2) PSE helps operators in power plants to perform complex experiments in a safe manner. In this case, as a training simulator, they can also perform different scenarios without any risk and learn how to react under critical conditions. Different real events can be implemented in PSE in order to assess power system reaction. 3) In this paper, the proposed PSE provides a versatile and fast solution for testing excitation system in critical scenarios. Consistent to this matter, the capability of the excitation system under different conditions (generator threephase fault, electrical frequency/active power change, generator voltage changes, voltage step response, etc.) can be determined at the test field in the factory and its drawbacks can be fixed before commercializing of product and without the risk of damaging the actual electric power equipment. 4) Compared to commercial simulators in the market such as Opal-RT, dSPACE, RT-Box, or Typhoon HIL which are expensive, PSE simulator is of low cost and economical. Also, most of the existing simulators are designed for end user and do not support new equipment modeling, implementing modification or development. Consistent to this issue, user is forced to use simulator's library and employ the provided hardware. On the contrary, PSE simulator has a flexible and expandable structure which uses general hardware and software from National Instrument company linked to MATLAB through * .dll generated file as a LabVIEW inbuilt function. This versatile simulator allows everyone to set up his own desired hardware with much lower price achieved by omitting unnecessary hardware and software modules in the prebuilt simulators.
